The exposure ofhuman skin to near-infrared radiation is numerically simulated using coupled laser, thermal transport and mass transport numerical models. The computer model LATIS is applied in both one-dimensional and two-dimensional geometries. Zones within the skin model are comprised of a topical solder, epidermis, dermis, and fatty tissue. Each skin zone is assigned initial optical, thermal and water density properties consistent with values listed in the literature. The optical properties ofeach zone (i.e. scattering, absorption and anisotropy coefficients) are modeled as a kinetic fimction of the temperature. Finally, the water content in each zone is computed from water diffusion where water losses are accounted for by evaporative losses at the air-solder interface. The simulation results show that the inclusion of water transport and evaporative losses in the model are necessary to match experimental observations. Dynamic temperature and damage distributions are presented for the skin simulations.
INTRODUCTION
Laser-tissue welding is a time and temperature dependent process. Historically, the development of clinical energy delivery techniques have resulted in an empirical evolution of laser parameters, added chromophores, cooling water drips, and visual cues that meter delivery endpoints (see Bass and Treat1) . More recently, investigators have utilized feedback control, including surface temperature2 and reflectance3, to quantify dynamic changes in relevant parameters. The goal of these control systems is to link the dynamic variable signatures to an optimum energy delivery. The limitation of these surface-based systems is that they don't provide information through the depth ofthe weld site. Hence, without additional information, the time-temperature history through the full thickness ofthe weld is unknown. This supplemental information is usually supplied via histologic assessment ofthe volumetric energy delivery. However, the use ofhistology in an iterative design process intended to optimize energy delivery is time consuming. We therefore turn to numerical modeling to quantify the volumetric energy-based changes that occur during the welding process. The goal ofthis effort is to demonstrate the model's capability to include all the physics relevant to laser-tissue energy delivery and subsequent tissue heating, desiccation, and damage.
In general, the three-dimensional, time-temperature history oftissue is described by a heat transfer equation (a.k.a. bioheat equation). Comprehensive references describing bioengineering heat transfer are readily available4'5. A variety of energy source and sink terms in the bioheat equation account for laser coupling, blood perfusion, etc. Here the bioheat equation is coupled with a Monte Carlo model ofradiation transport in the LATIS (LAser -TISsue) computer program that has been previously described6.
The commonly encountered versions ofthe bioheat equation, however, do not account for two important terms that are specific to water transport within and on the surface of heated tissue. First, surface evaporation of water may be a dominant energy term in the bioheat equation7. Secondly, as water is removed from the surface via evaporation, the water density gradient results in water diffusion through the porous tissue. As the water moves through the tissue, it carries its internal energy with it. Thus, the water-mass diffusion results in a convective energy term in the bioheat equation. Though not as dominant as the evaporation energy term, the mass diffusion still accounts for significant changes in the temperature history ofthe sub-surface tissue as well as predicting the desiccation oftissue, which in itself is significant.
MODELING
The computer program LATIS is applied in both one-dimensional (1-D) and two-dimensional (2-D) geometries. The exposure ofhuman skin to near-infrared radiation is numerically simulated using coupled Monte Carlo, thermal transport and mass transport, models.
Sample geometry and properties
A generic model ofskin is used to test the LATIS program. Figure 1 . shows a schematic ofthe geometiy used in the numerical simulations with the appropriate dimensions identified for each layer. The 1-D and 2-D configurations used throughout this report are described in Figure 1 . The native properties for each model constituent are listed in Table 1 . Dynamic variations ofthe native properties are described in the text below.
Light transport
Light transport is calculated with a Monte-Carlo method. Photons are followed time dependently. A fixed number ofphotons are introduced into the problem for each time-step. For most ofthe calculations in this study 200 photons/time step were used. Results changed insignificantly when 1000 photons were used. Scattering is calculated with a HenyeyGreenstein phase function. Absorption is calculated analytically. Each photon is assigned a weight which decreases with absorption. When a photon's weight drops below 1%, it is retired from the Monte-Carlo calculation. The absorbed energy is tabulated in spatial zones where it serves as a source term in the bioheat equation.
The non-linear coupling ofthe bioheat equation with the optical properties appears as a kinetic model that has been previously reported6"5. For example, the correlation between tissue damage (kinetics) and the dynamic changes in the scattering coefficient are given by li-s (t, T) = 1SInatjve iative JSId denatured '
(1) where native and 1enatured are the concentration fractions ofthe two species in a binary kinetic system. Thus, native denatured 1 . The fraction of native tissue molecules can be described by an exponential function of the Arrhenius damage integral -5k dt iative e (2) where the rate constant, k [51], is described by
Here, KB is Boltzman's constant, h is Planck's constant, R is the universal gas constant, T is the temperature (°K), and zS and H are the entropy and enthalpy of the kinetic process, taken to be 0.824 kJ/mol-°K and 368 kJ/mol, respectively'6. The model used a seven-fold increase in the scattering of skin tissue and the ICG solder in the denatured state. Dynamic changes in the absorption coefficient and anisotropy factor were not incorporated in the current simulations. Values for heat capacity, c, density, p, and thermal conductivity, K, are listed in Table 1 for standard conditions. The source term is the energy coupled from the light transport, which is described in section 3.2. The evaporation and water diffusion terms are described below. Radiative and blood perfusion losses were ignored.
Evaporation
The 
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The vapor pressure and temperature differential is approximated as PHO(TH2Q) _ P(T)
H20
' solder surface ' air where the vapor pressures are computed as saturated pressures at the given boundary layer edge and Hiave is the relative humidity far away from the tissue surface. The vapor pressure at the solder surface is assumed equal to the saturated pressure. The saturated vapor pressure has an exponential temperature dependence. A polynomial fit ofwater data for temperatures in the range 0-100 °C was used in the calculations17.
For our problem, the boundary layer defmes the distance over which a water vapor density gradient occurs. In general, however, the boundary layer is defmed by the flow velocity, u, parallel to the solder surface (laminar flow). The flow gradient results in a water vapor density (and temperature) gradient that is used as the boundary condition for the evaporation term. We have assumed that a steady-state air flow exists such that a steady-state boundary condition exists for the mass transfer. The simulations used a boundary layer thickness ofO.39 cm (aX), which corresponds to an air velocity of 1 cm/s.
Water Diffusion
Evaporation ofwater from the tissue surface produces a gradient that causes the sub-surface water to diffuse toward the tissue surface. The diffusion of liquid water through the porous tissue is described by Fick's law'9: (9) where p is the total density, p H20 i5 the water density, and D is the diffusion coefficient for water through dermis (Ddermis 5x1O cm2/s)20. The diffusion coefficient was assumed constant though all layers ofthe skin.
As the surface of the tissue is desiccated, the diffusion of sub-surface water toward the surface results in a convective energy term in equation 4: waterdiffusion PH2O C Udjifusion • VT, (10) where is the time-dependent diffusion velocity that results from equation 9. Figure 2 shows the influence of evaporation on tissue temperature distributions. The 1-D simulations show that, given the same incident laser fluence on the same tissue, the evaporative cooling limits the solder surface temperature below 100 °C. Further, the tissue temperatures never exceed 80 °C; which is in stark contrast to the no evaporation case where tissue temperatures remain well above 100 °C 60 seconds after the laser has been turned off.
RESULTS
The desiccation ofthe near-surface tissue is shown in Figure 3 . The water diffusion model first demonstrates the desiccation of the sub-surface tissues as the solder layer is depleted by evaporation, which occurs as long as the surface temperature is sufficiently elevated. After the laser is turned off, Figure 3 shows that the water content of the epidermis starts to increase as water from deep in the tissue diffuses toward the surface. As the water diffuses from the cooler depths toward the hotter surface, the diffusion results in a net decrease in the tissue temperatures. The addition of the water mass diffusion to the evaporative losses results in an average 4 °C decrease through the full thickness skin temperatures over the latter 60 seconds, after the laser had been turned off (data not shown in figures).
An example ofa 2-D simulation is shown in Figure 4 . Contour plots ofthe temperature are shown in Figures 4(a) -(c) at 30, 60 and 90 seconds, respectively. The geometiy and parameters used in this simulation are described in Figure 1 , Table 1 and section 3 ofthis report. The laser energy was turned offafter the first 60 seconds. The cumulative damage, which is defmed by the equation 2, is shown in Figure 4 
DISCUSSION
The results show that the inclusion ofwater transport is important for accurately simulating the time-dependent temperature distributions in laser-irradiated skin. The numerical program, LATIS, includes the dynamic coupling between radiation transport, thermal transport and mass transport models. Here, we have added and tested the mass transport coupling to the bioheat equation with evaporative boundary conditions. Without evaporation, the model produces unrealistically high temperature distributions that contradict our experimental observations21. With evaporation, LATIS predicts temperature distributions that qualitatively agree with our observations that surface temperatures do not vary far from 100 °C. In the future, we shall perform quantitative comparisons ofthe simulations and experiments.
LATIS is a tool that will help assess the three-dimensional dynamics oftissue welding environments. As was demonstrated in this investigation, LATIS is capable ofsimulating the laser-tissue interactions ofheterogeneous tissues with two-dimensional symmetry and non-linear coupling between radiation, thermal transport, and mass diffusion models. Thus, as empirical relations between welding mechanisms and dynamically measurable variables are found, LATIS provides the ability to monitor these reactions in a two-dimensional geometry. The tissue damage results in Figure 4 
